&DDOO i;i q"'f"‘ﬁ l'e"" '}

A - 3
P 7 e
SECURITY CLASSIFICATICN OF This PAGY {Whan Dete Fatere ‘-.' S

- ] y Y P READ IMSTAUCTIONS
; [ REPORT DOCUMEHTATICN PAGE f S peEARATAUCTIONS
H T. REPCART NUMBDER 2. GOMFACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
1 . . A *
( F.enort Nes—3t— "'@

;i,?.& {and Subdlite)

LS. 'l:p'r: OF REPORT & PERIOD COVERED

A*)‘a-:»asuremn1: of Po1ar1zed Light Scattenng V1a § Uechmca'l/?éoort #z&‘v/

the Mueller Matrixg - - -
e e — 6. PERFORMING ORG. REPORT NUMBZR

W
[ AT L , 8. CONTRACT OR GRANT NUMBER(e)

Randall C. /Thompson Jerold R. /Bottlger‘d-/a
& .

Edward S.JFry | -t /A ]me-rs- -c-0537]

0'7 44

. PERFORMING ORGANIZATION NAME AND ADDARESS . -1 18- PROGRAM ELEMENT, PROJECT, TASK
= Department of Oceanography ‘ AREA & WORK UNIT NUMBER st
Texas A&M University : , . f ] ‘T , .=
College Station, Texas 77843 e -
8$?TROLLU FFICE MAME AND ADDRESS  ? REPOET DATE
1ce of Naval Research ] 2 Septemd Y979 /
Code 480 %m—-

Arlington, Virginia 22217

4. MONITORING AGENCY NAME & ADDRESS(II diffsrent lrom Controlling Ofltce) 18. SECURITY CLASS. {cl Ulla r-poﬂ)

Texas A&M Research Foundation e
Faculty Exchange H //\E/i Unc]ass1f1ed ,
College Station, Texas 77843 T¥a DECL ASSIFICATION/ OGWNGRADING

16. OISTRIAUTION STATEMENT {of this Report)

Approved for public release, distribution unlimi ted

[

17. DISTRIBUTION STATEMENT (of the sbetreet entered in Block 20, i1 dlilerent frem Reépert)

18. SUPPLEMENTARY NOTES

». >_‘ 19. KEY WORDS (Continue an reverse side Il necessary and identity by dlock humbes) -
8 Light Polarization, Measurements Mueller
Ll
d a0, ABLTRACT (Centinue en reveree side Il necossary and identity by nlocl mumbder)
(Wi

. I A new instrument for rapid and accurate measurement of the Mueﬂer matrix
ol ) is described. Distinct measurements .of all sixteen elements are made simul-
£ | taneously and with an absolute accuracy of 1% to 5%. The instrument employs
=3 | -electro-optic modulators. Results are presented tor severa® s1mple 'optical

devices und systems.

DD 52 1473 eoimiow'or 1 nov 6315 onsoLETE
. - 5/_" 0102-014-6401 | .

SECUMITY CLASSIFICATION OF THIS PAGE (WNen Dete Enlesed)




MEASUREMENT OF POLARIZED LIGHT SCATTER:NG
. VIA THE MUELLER MATRIX

by

Randall €. Thompson, Jerold R. Bottiger,

Resort No. %?41

The research described in’ this report was

and Edward S, Fry

funded by

The.0cean Science and Technology DBivision

|
o
of the | ‘ ‘ | %

Office of Naval Research
Contract N0OD14-75-¢-0537

‘Department of Physics”
- Texas ASM University
College Station, Texas 77843

4 September, 1979

The materfal in thisfreport has been'submftted for publication to
Appligd Optics. - B

x




MEASUREMENT OF POLARIZED LIGHT INTERACTTONS VIA THE MUELLER MATRIX

Randall C. Thompson, Jerold R. Bottiger, and Edward $S. Fry

Texas A&M University
Jepartment of Physics
College Statisn, Texas 77843

ABSTRACT

A new instrument for rapid and accurate measurement of the_
Mueller mafrix'isldescribed. Distinct measurements of all six-.
tgen elements are:made simultaneously an& with an absolute ac-
curacy of 1% to 5%. The instrument employs electro-optic modu-

lators. Results are presented fqr several cimple optical devices

and systems.




~ I. INTRODUCTION

When light in some arbitrary polarization state is incident on
a medium, the polarization state of the scaftered.transmitted, or
reflected 1ight can be related to the polarization state of the inci-
dent light by a 4x4 matrix.1°3_ This matrix, frequently called the
Muellef matrix, is'a cheractefistie of the medium. It depends on
wavelength, and, in the case of light scattering, is a function of
scattering angle. It is a necessary and mAJor part of the complete
optical description of a medium.

The matrix provides essential input information into calcula-
tions of the light field in planetary atmospheres and in’ the
or.:eans.a'7 It thus has applications in the fields of climatology,
111dmination, communications, and visibility. Further *he matrix
itself gives valuable information about the biglogical and physical

properties of th scattering particulates.” This line of inquiry

* has been used in|recent studies of ocean hydrosots,3-10

Calculation of the matrix for scattering of electromagnetic
radiation are in [the early stages of development In general only
simple geometries| have been considered: (1) the homogeneous sphere

2,n 12, 13,

with arbitre.y sige; (2) infinite circular cyHnders

{3) spheroidal pa t1<:les.]4 Recent developments are, however, Showing |

- considerable promise for calculations involving.arbitrarily shaped,




inhomogeneous particles.]5°]7.

Few efforts have beeh made to measure the entire matrix due to
the difficulties associafed with using conventiornal techniques.
These involve making'intensity'measuremenQS with various indepen-
dent combinations of polarizers and retarders in tﬁe incoming and
outjoing light -beams. The sixteen matrix elements are obtained
from the frequently small differences between these relatively large

measurcd quantities. Such measurements were pioneered by Pritchard

18 19-20

and Elliott = and by Rozenberg; they were studying the opti-

cal properties of the atmosphere. Perhaps the best example of the

conventional method of matrix measurements is the work of Holland

21

and Gagne” '; their principle objective was to find the correlations

between matrix elements of randomly 6riented irregular-particles
and those due to the spherical particlés having the "same" size
distribution and refractive index. Other conventional measurements

directed toward oceanic hydfosols and toward obtaining complete

opticdl prdperties of ocean waters have been made by Beardsley22

" and by Kadyshevich, et. a1, 310
'Opfical polarization modulators can significantly enhance .

the accuracy'of polarization measurements. This concept was first
- used ina measuiements of the Stokes vector of a beam of 1ight;23

" It was quite successful and has been used for circular dichroism

mw.nmsur-ementsz-4 and for polarimetry 1n astronomy. 25-26 Hany vari-

ants have appeared 1n the recent literature.27 -30

Tab < st A ‘




‘Thompson and Fry.

. approximately two minutes for measurement of the entire matrix over

.using a conventional method.

_biologically active suspensions.in general.

-4-

" Mueller matrix measurements using polarization modulation’

techniques were first made by Hunt and Huffman3' and then by

32 The former used a single photoelastic type
modulator; thus they could in general only Mmeasure combinations of
matrix elements. Nevertheless, their results provided a r-jor

advance in the spéed and accuracy with which matrix r.asurements

- could be made.33 Instruments using a single modulafor have'segn

recent use in biophysical applications.34 An inétruﬁent,using two
polarization modulators has been recently proposed andAanalyzéd by»
Azzam, 35 | -
In this paper we will describe the four modulator photopola-
rimeter developed by Tﬁompson et. a1.32’36'37 It provided the
first direct and simultaneous measurement of all sixteen elements
of the Mueller matrix. In 1ight scattering applications it requires

0

scattering angles from 52 to 170" with ;n‘accuracy of better than

3%. This'compéres with -2 hours;for measurements with -10% accuracy
9 This dbility to make complete mea-
surements very rapidly is of extreme importance when one is studying

samples that are changing in time, for examplé. ocean water and

,Since 1ight scattering has been our main interest, this papef'
will be presented from that point of view. The concepts, néverthef

less, apply equally well to transmission and reflection studies.

e s b e h
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II. THEORETICAL BACKGROUND

To mathematically describe the po.:tization state of a general

beam of 1ight, we will use the Stokes vector r'epr‘esentat'lon.z'3

, 1' .
s- ol . |
‘ v . | 1)

The lihear interaction of an optical device with a beam of light can
- ' ) ) ’ ->
.- be described as a transformation of an incident 5tokes vector §

B . ->
.into an emerging Stokes vector Se’

+

' _ If S = 6 51 . | _ . (2)

Here A is the 4x4.matr1x known as the Mueller {or phéSe) matrix.
) ;t'is a characteristic of the optical device br system.' Matrices
rebresenting linear retarders and polarizers are easily dgrived.3
The transformation of an 1nitfa1 Stokes vecior b} a sequence of
| dptiéal devices is given by the ﬁatrix which {s the sequential pro-

duct of the matrices representing each device,

A= En X ...,..._53 X A, x 51 . (3)




The Mueller matrix representing a scattering system'is given by
F(e), where 8 is the scattering angle (See Fig. 1). For conven-
ience in the present discussion we are suppressing the azfmuth;l
dependence; this is not a fundamental restriction. For a system
of randomly oriented and isotropically distributed particles, F
.in fact has no azimuthal dependence..

| The element§ of F are denoted by'fij(i.J=l.2.3.4). It is par-
ticularly instructive - work with the reduced matrix

'v = E(e)
F*(e) ) (9

In.the reduced matrix allrelements are restricted by

-V e fife) <41, o (5) |

.qﬁd. of course, f11(8) is identically plus one. We will measure
' f’(e)'directly. . o S ' A k e
“. For typical scattering;systems the sixteen elements of f(e) are
generally not all indepéndent. Symmetries within the population of
scattéringjpérticles'and within jndiv{dual particles serye'to reduce

2 and'Perrin1 have

the number of independent elements. Van de Hulst
discuséed such symmetries in detail. By measuring ;heventire scat-

tering matrix:the symmetries within it can be determined and these
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can then be related to the symmet-ies in the scattering system.

Kadyshevich et. al. have found some symme¢ries in oceanic hydro#

sols by using this approach.sJ0




IT1.  PHOTOPOLA<IMETER THEDRY

In this section we wjli'presént the theory behind the operation
qf 6ur four modulator photopolarimeter. There are, of course, many‘
variants of our instrument that van be used to obtain distinct, si-
multaneous measurement of all elements of the Mueller matrix. The
calculational procedures are essentially the same for all of them.
Therefore, for simplicity, we wi11'restr1ct the discussion to our
specific instrument.

A schematic diagram of uur optical system is shown in Fig. 1.
We ni11 také the reference plane for our measurements to be hori-
Zontal. This is identical to the scattering plane. MCD1,2,7,
and 4 are the polarization modulators. They are electro-optic mod-
ulators whose optical retardance is voltage variable. The arngle
* between the principle axis of eachfmoﬁulator aqd_the reference plane
js denoted by yi(i*I,Z.Q.A)f POL1 and POL2 are linear polarizers
with transmission a;eﬁ parallei'to the reference.p1ane. - The sam-
ple whose matrix is to be measured is denoted by'f. |

Hé now require the Mueller matrix for each of the optical ele-

ments.3 For POLY and POL2 in the required orientation, the matrix is

1 1 0 o
S T Y B T
SR A P )
0 Ao"o 0




The matrix for MODY and MOD4 with y‘(4) = v/& s

"4

For MOD2 and MOD3

%2(3)

|

0
0
0

1

0
0
0

) 0 0
0 1 ] 0 -
-sin 6‘(‘) 0 cos a‘(‘)
with 72(3)'- 0 it is
0 0 0
- 0 Q
(0 cos 5,3 fsin 82(3)
0 sin 52(3) Ccos 62(3)

(7)

C (8)

In the above matrices 8 (1=1,2,3,4) is the retardance of the ith

‘ modulator. The matrix to be measured fs ‘given by

]

fs2. fi3 fy
f2 Tz fu

S )

i
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POLY insures that the initial state of

| | 1
1
0
0

polarization i{s given by

’ {10)

where the explicit dependerce on intensity has been factored out as

Io. POL 2 ensures that the light incident on the PMT has the Stokes
vector | ' -
1
Spa1, |! ) '
f f N . (M)
¥ o ’ : '
o]

. where again the explicit dependence on the intensity has been fac-

tored out.

It is clear from Eq. (11) that the polarization of the

light incident on the PMT is constant. Thus polarization dependences

in the PMT cannof lead to systemaiic errors. This has frequently not

been the case in previous pclaf%za:ion,studies.

From Eq. (11) we see that we need 6nly coﬁpute the inten&ity Ie

ihich results when So is operéted on by the optical sys*em;v'Usjng o

the Stokes-Mueller calculus we have

Se = Ta (RMMMM)5

(12)
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Using Ecs. 6-10.and performing the multiplications indicated in

£q. (12), we find
I
e ]
Ie=7 (fy

*12
13

-f14
+f

+f

21
22
a3

P!
3

+f

Y
*33
~f34

+f4i
*a2

g

~fas

cos
sin
sin
cos
cos
sin

sin

'sih

cos
sin

sin

COS. ¢

cos
sin

sin

sin 52

cos 62

COS'64

sin 62 cos

cos 62 cos

sin 64
sin 63 sjn

sin 52 sin

cos 62 sin‘

sin 54

sin'a2 cos

cos 5, cos

63 sin 64

L sin 54)._

All elements of F appear in.this ﬁééulé, ;Hd ééch is MGlfipiied

‘by. a unique combination of,trigonométric functions.

The modulator retardances are yaried sinusoidally at different

frequencies w1} 3

61 = 601 cos.u{t..‘

(14)
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Here 60115 the amplitude of the retardance of the ith modulator.
With this form for the retardance the functions sin &, and cos §;
can be expanded in terms of Besse] functions of the retardation

amplitudes,
cos &, = JO(501) - 202(601) cos Zuit + 2J4(601) cos 4u1t - ... 15)

sin 8, = 2J,(85,) cos wyt = 205(8q4) cos Jogb e o : (16)

These results are'substitugbd into €q. {13) and all producté'are
expanded to give the Fourier components. We find that the inten-
sity, If. has a DC component plus sinusdidql terms with amplitudes
proportibnal to products of the Bessel functions and the matrix
elements fij’ The frequency of every Fourier component is given
by
ku‘ zluzzm3xnu4. _
(7)
k.].m.n .‘0.'.|2'3"¢‘. +
For example we give the expansion of the coefficient of‘lf']4 in equa-
tion (13), | '
sin &, cos &, * 2'J1(5°1) Jo(soz) cos wyt - 2 J3(60‘)'J0(50;) cos 3u]t
<2 J](aoz)_qz(aoz) {cos(wy + 2~2)§ + cos (w) - 2wt}
cene A ' (*3)

+

Thus the frequencies at‘&hich‘fl4 appears in the intensity are given

by Eq. (17) with me=n=0, %=0dd integers, and l*even integers and




zero. Tne linear combinations of primary frequencies atlwhich each
matrix element appears as a leSding term in the Fourier expansion
of the intens’ty are given in Fjg; 2. |

To insure the distinct measurement of each m&trii element, we'
will requfre that there be a_unfdue reference freqﬁency-in the fourier |
spectrum of. Eq. (13) corre§pondfng to each matrix é]ement. Experi-
mental considerations make it desirable that ihe selected component
be one of the leading terms in‘ihe‘Fourier expansion and tha; the
frequency be compatible with standard pﬁasé sensitive detection'l
techniques (<100 kHz)., We are free to adjust the four primary fre-
quencies, Wy s and the amplitude of the retardances, Gdt' SC as tb'
satisfy these requirements; '

We set the amplitudes of the retardances so as to make

Iy (6542 = 0, o 9
or . ’

'~ 8gq - 2.404 radians. | - I ‘(ZQ),
The DC term is thereby removed from the expansfon df cos 61 in £q.
(15). The most. important consequence .of this {s that the OC cbmpo-l

nent of I¢ is proportional only to f,,.-

In selecting the'fgur moduiator frequencies;'u‘. we note that
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{f they all have rational ratios then the reQUirement‘of a unique
reference frequency for each matrix element is impossible unless
we can truncate the expansions of cos Si ard sin 51‘ Such a trun-
cation is reasonable since Jn(601) rapidly approaches zero with'
increasing n. Further, thé four bﬁimary frequencies must be éhosen_
so that the frequencies in the Fourier exbansion of If are not.:o
close as to require unreaéonably long time constants in the detec-
tion system to distinguish them. '

The set of primary frequencies we havg chosen for the present

{nstrument is ~
' 41.0 kHz

1 ¢

vo ® 0.3 kHz . _

vy 1OKHZ - (21)
vg = 10.0 kHz |

.
The resulting referehce frequencies which we have selected for the .
sixteen matrix elements are gfven in Figure 2, Each of these re-
ference: fréquencies is indeed unique if the expansions - given in .

. (15) and (16) are truncated at J6 and: Jg respectively. Extending
each expansion one more term, some dggeneracies rgsult. the largest -
rkqf these at our selected signal frequénc‘és is |

coeff f32 . 2 32(601) J3(co3)-a7(56‘)
coeff f

2 1.9x107%, (22)

3 Flegg) dlsgg)
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at the frequency of 9.0 kHz. This is well within our expe~imental
error and is thus acceptable. Finally, with this choice of primary
frequencies, Egs. (21), all frequencies in Fourier spectrum of If

are separated by at least 100 Hz. Thus they are easily distinguished

with lock-in detzctors and short time constants.
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IV.F EXPTkIMENTAL APPARATUS
A. Optical System | |
The light source is a laser (See Fiz ). Ne hive used both
a He-Ne laser (5mw. at 633 nm) and a He-Cd laser (20 mw at 442 nm).
POL 1 and POL 2 are Glan prism polarizers which provide an extinc-

5. MOD1 ard MOD2 are the retardance modulators

tion ratio of 5x10°
in the incident beam. They are Lasermetrics, Model LM-1, trans-
verse field. Pockels cel!s: MOD3 and MOD4 in the emerging beam
are longitudina1 field, thin plate, Pockels cells of our own con-
struction.38 The crystals in all four modulators are potassium
dideuterium phosphate (kD'P)‘with a deuteration level greater than
99%. ‘

For MOD1! and MOD2 approximatély 750 volts is required»to.
achieve the_retardation at 633 nm. spe;ified by Eqs; 19 ard 20.
For tﬁese hodu?ators the ligh; must be collimated and parallel
to thé'crystal axisto within a couple milliradians since off-axis
light expériencés a retardation independent ‘of the applied vblfage.
For the laser sources, neither this nor the relatively small clear
aperture (2.5 mm) is a probieﬁ. | ' )

" MOD3 and MOD} generally operate on diffuse, scattered light.
Thefefore. bdtﬁ a larger clear aperture and a larger useable ang-
ular field are required.. Both of these modulztors employ a single
Z-cut cryital'plate 12 mm square and 3 to 5 mm thick. Chromium,

backed gold grid; are vacuum evaporated onto bothlfaces. A uniform .
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e]ectric\field, parallel to the optir axis, is produced wher a poten-
tial difference is applied between the griﬁs. Approximately 3000
volts; independent of crystal ihickness; is necessary to obtain the
required retardation (Eq. 20) 33 Since off axis light rays undergo
retardation proport10nal to crystal thickness the useable angular
field is limited by crystal,thicknesg.' However, the crystal must
be thick enough to prevent breakdown due to the high voltage. This

is particularly a prob1em with A.é. vbltages.40 Our experience ha;
shown that 3 mm and 5 mm rhicknéSSes.for MOD3 (v3=1.0 kHz) and MOD4
(10.0 kHz), respectively, are good compromises. 4

The electre-optic coefficient and the'residual retardancerf
KD*P are strongly dependent on temperature. Trerefore; to obtain
' long term stability, the housings of all four modulators are held
at 15%C with chilled water from - constant fémberature (rO 1%¢)
circulator. The choice of 1S°C is a compromise between avoidance
of condensaticn and reduction of. the required poten;iai dffference
across the crystal ‘ .
The modulators are driven by a power amplifier through 3 step-

up transforwer For MOD1,2, and 3 tron core. audio transformers
give step up ratios of 35 80, and 275, respectively “An air core

transformer giving a step up ratio of 270 is used for MODQ

8. Detection Electronics

A schematic of the detection system is shown 1n Fig 3, The




tain the DC component of the anode current at a constant value,
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pﬁotodetectof is‘an RCA 8645 photomultfplier tube. A servo loop
controls. the high Qoltdge to ihe photomultiplier so as to main-

K}
Since the DC component is propor;iona] only to fll‘ the effect fs
to divide‘ail the amplitudes in the Fpurier spectrum of the sfgna]
by f]‘; ‘ _ | _

The AC signal passes through an AC amplifier and then to a
high Q (-200) bandpass amplifier at the input of each of the fif-
teen phasé sensitive.detectbrs (PSD)..‘Thg bandpass amplifier is
tuned to the frequency of the corresponding ﬁatrix element f1j

given in Fig 2.

Reference frequencies for the PSD's are generated based on. ,'

the fact that the product of two sinusoidal voltages results in

sinusoidal voltages at the sum and difference frequencies. Ana-

log Multip]iers are used to~fofh-the products. Bandpass filters

‘ 1solate.either'the'sum or the difference frequency and the re-

sulting sinusoidal siynal is amplified and clipped to pfoduce a
square wave. - Fig. 4 shows a flow chart for the generation of the

fifteen reference frequencies. The circuit for generation of a

“typical reference frequency is shown in Fig. 5.

The phase sensitive detectors (PSD) are based on analog

multiplication of the signal from the photomultiplier with the

_appropriate square wave reference frequency. The Fourier compo-

nent of the sfgnal with the same frequency as the reference fre-
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quency produces a DC voltage component in the product., This DC
voltage is proportional to the matrix element corresponding to the
reference frequency. The outputs of all fifteen PSD's (and hence
fifteen matrix elements) are available simultaneously. The.cfr-
cuit for a typical PSD is shown in Fig. 6. .

| Only f]]<remains to be determined. Thisvcan be done either
directTy in an independent measurement, or simultaneously by ob-
serving the high voltage to the photomultiplier tube: In thé latter
case, the servo ioop'adjusts the high voItage‘so as to keep the DC
component of the signal (and hence fi1) constant. We empirically
measure this functional dependence and then use it to determine
f]l from high voltage measurements. The high. voltage and thé sig-
nals from the fifteen PSD's are recorded directly on an analog

recorder or digitized and stbred by computer for further analysis.
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V. ALIGNMENT AND CALIBRATION

Proper 2lignment and ca11bratiun of the instrument involves the
foliowing adjustments: |

;) As the detector sweeps through scattering angles it defines
a plane. The incident laser beam must be adjusted so that it lies
in this plane. ,’

b) The reference plane for defining tho Stokes vectors must
be defined. In this instrument we have chosen it to coincide with |
the scattering nlane Thus the transmission axes of POLY and POLZ
must be positioned to be in the scattering plane

¢) The yaw and pitch of the modulators must be adjusted so
that the light beam is parallel to their optic axes. "

d) The azimuth angles y; of the modulators must be set to the
values given in Fig. 1.

e) The retardation amplitudes 8g; must be made to satisfy Eq.
ey, | N

£) The gains of the OC amplifiers in:the PSD's must be set so
. that the outputs correspond to matrix elements’ varving batween 21. O

The complete alignment and caIibration procedure is described -
by Thoopson.38 The adjustments a) and b).above are straightforward.
‘We will briefly describe those involved in ¢) through e).

Hisalignment of the Iight beam and modulator axes appears as a

constant retardation. In a f1“st order analysis we represent the
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retardance of each modulator by

f‘i_f_§C1 + 5 coé wgt . (23)

' where Gci is the constant'retardation. The completely general
Mueller matrix representing a retarder with retardance & and with

fast axis at an arbitrary angle y with respect to the reference

plane is given by Simmons and Guttménn,3

1. 0 . 0 | 0
O"c0522#+51n227coss I sin4y(1-coss) ~ sin2ysinsg

Mret © 2

0 % sindy(1-coss) sin 2v+cos®2ycoss -cos2ysing| (24)

0 -sin2ysins . - cos2ysins cosé
We uge these matriceg in Eq. (12) to derive the general form

of the detected. intensity. In addition to our original result which v
assumed perfect.ajignment..the Fourier expansion of this result con-
tains some terms at the four primarylfreQuehcies and'some terms which
mix matrix elements. SpeéfficaIIy the latter termns are proportional .
“to one matrix e!emeﬁt but'are_at a frequency.cqrresbohding to a dif-
férent matrix element. These édditiona1~£erms'are 1isted in'Fig.'7'
: to first order in tﬁe small quantftiés:
sin (o) o 1m0, 2,34 4
' Jo (60i) » 121,2,3,4
cos (2vq) 4 1=1,4

sin (2y,) . 1%2,3 .

(25




-
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Also, in Fig. 7 we have used the following relations which are cor-

rect to first order:

cos (§.4)=1, 1 =1, 2.3, 4, 3 _
sin (2yy)=1, 1= 1,4 (26)
cos (271)-1, i=2,3

Any factor multiplying an fij in Fig, 7 is to be made zero'by '
the proper aliénment of the system. The procedure is to substitute

an optical device with known Mueller matrix for F and to set the -

~ detector arm at 6=0; see Fig. 1. Specifically, we select an opti-

cal device for which the métri; element being measured is identi-

‘cally zero and the mixing matrix element is large. The appropriate

adjustment is then made to minimize the mixing term. The optical

devices used are linear polarizers, wave plates, combinations of the

. two, and empty space. The !étter is the uhity‘matrix.'

‘ In order to calibrate the full scale amﬁlitudes, optical
devices are inserted into the samp1g space, The gafns of the ampli-
fiers in the PSD's are adjusted to give 2.5 volts full scale if
the corresponding ﬁatrix'element is unity. Empty space is used

te calibrate féé, f33.‘ and fi4. A rotating crystal polari;er is

,'uséd for’fiz. 310 fi30 30 fé3f and f52'~ A rotating quarter-wave

plate is used for fé4'. fl’lz_’ f:.34* and'fis;the quarter wave p\atg re-

tardance is independently phecked'by-measuring the'pnevfously cali-
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brated f;,. Finally, f;, and f,, are calibrated Ly using the quar-
ter wave plate and a rotating polarizer together. -

Aftgr'aiignment and calibration, the-accuracy of the instru-

ment is a\ways'petter than 5%. By waiting for complete temperature

stabilization and by carefully iterating the alignment—calibration
procedure several times, the instrument provides 1% measurements.

These accuracy determinations are made by measuring the matrices

of known optical devices and repressnt maximum observed errors.

iy
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VI. EXPERIMENTAL RESULTS

Mueller matrices for a number of optical devices and scat-
tering systems have been measured. Some were for burqoses of eval-

41-42 ore of

uating the operation of the instrument while others
1ndependent interest. In Fig. 8 we show the matrix for a élan-

Taylor polarizer. For these measurements the detector is set at

0°, and the polarizer is placed 'in theisample’space and rotated at

1.0 rpm. The results are presentedrin'Fig.»B in matrix'form with
each graph at the positioﬁ of the corrgsponding matrix element.
The graphs give the value of the matrixvelement as a‘functfon of
the angle ¥ between the transmission axfs_and the reference plane.

The normalized matrix for an ideal lineaf polarizer is

1 cos2y  sin2e 0
. cos2p  cosi2p. ‘Lsindy 0} :
Fool ™ lsin2y  usindy  sin®2p O . (@)
0 0 eoooof .

Six of these matrix elements were, in fact, used to calibrate the

. Instrument. For the others there is'excellent agreement between

Fig. 8 and Eq. (27).
In Fig. 9, we show the results for a mounted Mica retarder at
a wavelergth of 442 nm. This particular device had nominally quar-

ter wave'retardahce at 663 nm. Data are obtained in the same. fashion

“as with the linear polarizer. The abscissa is the angle y between
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the retarder fast axis and the reference plaﬁe. The matrix for
an ideal linear retgrder is given by Eq. (24). Comparing the data
with Eq. (24) we find the retardance is 120%:2% at 442 nm,

Fig. 10 shows the Mu:ller matrix for scattering by a suspen-
sion of polystyrene microspheres in waier. The mean diameter of the
spheres fs 0.091u, and the standard deviation.is 0.006u. For.these
dafa the abscissa is the scattering angle 8. The laser wavelength
is 633 nm. For this particle size the scattering is very hay1eigh

like.. Mie'!

calculations of the méirix elements for the specified'
particle distribution are generally indistinguishable from these data
and are not shown. |

Finally Fig.,]i shows fhe matrix for a single polystyrene °
'spﬁere. The sphere is suspénded in air in.an inhomoéeneou; eIectric

42

field. The laser wavelength is 442 nm. Mie calculations, using

1.110u for the sphere diameter and 1.6144 for the index of refrac-

tion, are also shown. The agreement is good.
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VII. SUMMARY

An fnstrpment which provides for Simultaneous measurement of

- a11,si;teén elements of Mueller matrices has been described. Im-
portant features are:

' (1) A fixed linear polarizer precedesvthe photodetector. Thus
Athe polarization of the observed light never changes and polariza-
tion sensitivities in the: detector cannot introduce errors.

' (2) Relatively rapid measurements can be made so that samples'
undergo1ng changes can be studied (e.g. bioclogical systems. chemi-
'cal reactions, or settling phenomena). ‘

(3) Accuracies of 3% are easily achieved and have been demon-
- strated by measufing the matrices for known optical devices.

(4) The same hardware can be used at different wévelengths
by’stpTy.adjustingvthe voitages apblied to the modulators so as
tb_maintiin the required retardation amp]ifudes 801~ ‘

(5)'Instrument calibration cah'be'completely ;raced to empty

space and to a linear polarizer.

The work: presented here has been supported by the Office of

Naval Research, Code 480, under Grant No. N00014-75-C-0537.




0.

n.
12.
13.
14.

9, 659 (1973). |
YE. A. Kadyshevich, YU. S. Lyubovtseva, ard G. V. Rozenberg, Atros.

.27-

REFERENCES

F. Perrin, J. Chem Phys 10, 414 (1942).

H. C. Van de Hulst, "Light Scattering by Small Particles" (John
Wiley and Sons,'New York, 1957).

J. W. Stmmons and M. J. Guttmann, "States, Waves and Photons: A -
Modern Introduction to Light" (Addison-Wesley, Reading, Massa-
chusetts, 1970). | _

G.‘H. Kattawar, G. N. Plass and J. A. Guinn, Jr., J. Phys.

- Oceanogr. 3, 353 (1973).
. S. J. Hitzfelder, G. N. Plass, and G. W. Kattawar, Appl. Opt. 15,
12489 (1976).

G. W. Xattawar and G. N. Plass, Appl. Opt. 15, 3166 (1976).

G. W. Kattawar and G. N. Plass, and C. N. Adams, Ap. J. 11g,'371
(1971). | | E
YE. A. Kadyshevich, YU. S. Lyubovtscva, and I. N. Plakhina, Atmos.

. and Ocean. Phys. 7, 367 (1971).

YE. A. Kadyshevich and YU. S. Lyubovtseva, Atmos. and Ocean. Phys.

and Ocean. Phys. 12, 106 (1976).

G. Mie, Ann. Phys. 25; 377 (1908).

Lord Raylefgh, Phil. Mag. 36, 365 (1918).
J. R. Wait, Can. J. Phys. 33, 189 (1955).

S, Asano and G. Yamamoto, Appl. Opt. 14, 29 (1975).

E. M. Purcell and C. R. Pennypacker, Ap. J. 186, 705 (1973).




16.
17.

18.
19.

20,

21.
22,

23.
24.

25.

- 26,

27.

28.
.29,

.
.
32,

-28-

G. W. Kattawar and T. J. Humphreys, submitted to Appl. Opt. (1979).
C. Yeh, in "Proceedings of the International Workshop on Light
Scattering by Irregularly Shaped Par;icles“. ed. D. Schuerman,
‘Plenum Pub. Corp., N.Y;, 1980.

B. S. Pritchard and ¥. G. Ellifott, J. Opt. Soc. Am. 50, 191 (1960).
G. V. Rozenberg, Adv. in Phys. Sciences 11, 353 (1968).

G. 1. Gorchakcv and G. V. Rozenberg, Atmos. and Ocean. Phys. 3,
(1967).

A. C.Holland and G. Gagne, Appl. Opt. 5, 1113 (1970).

G. F. Beardsley, Jr., J. Opt. Soc. Am. 58, 52 (1968).

Complete references to this work can be found in ref. 10.

J. C. Kemp; J. Opt. Soc. Am. 59, 950 (1969), . |

L. F. Mollenauer,vo. Déwnie, H. Ehgstrom; and W. B. Grant, Appl.
Opt. 8, 661 (1969). o, ' :
J. C. Kemp, R. D. Wolstencroft, and J. B. Swedlund, Ap. J. 177,
177:(1972). | o |

J. Tinbergen, Astr. and Ap. 23, 25 (1973). |

G. R. Boyer, B. F. Lamouroux, and B. S. Prade, Appl. Opt. 18,
1217 (1979). | T

D. E. Aspnes and A. A. Studna, Appl. Opt. 14..220 (1975).

C. Cortese, F. Aramu, and V. Maxia, Opt. Commn. 2, 296 (1975). °
P. S. Hauge, Prac. SPIE £8, 3 (1976). | |
A. ) Hunt and D. R. Huffman, Rev. Sci. Instrum. 44, 1753 (1973).
R. C| Thompson and E. S. Fry, J. Opt. Soc. Am. 64, 1399 (1974),
R. 3| Perry, A. J. Hunt, and D. R. Huffman, App1. Opt. 17, 2700




34.
35.
36.
37.
38.

39,

40.
4.

42.

<29-

W. S. Bickel, J. F. Davidson, D. R. Huffman, and R. Ki]kson;
Proc. Nat. Acad. Sci. USA, 73 485 (1976).

R. M. A, Azzam, Opt. Lett. 2, 148 (1978).

R. C. Thompson, J. Opt. Soc.'Am. 66, 1134 (1976).

R. C. Thomgson, E. S. Fry, and J. R. Bottiger, Proc. SPIE 112,
152 (1977). | |
R. C. Thompson, “Aa Electro-optic Light Scattering Photomgtric
Polarimeter' Ph.D thesis, Texas AM University (1978).

R. Goldstein,. "Pockel's Cell P;imer", Laser Focus, p. 21 (Feb.
1968). ' | |

B. H. Billings, J. Opt. Soc. Am. 39, 802 (1949).

R. C. Thompson, J. R. Bottiger and E. S. Fry, Proc. SPIE 160,
43 (1978). |

J. R. Qottiger..E, S. Fry, and R. C. Thomp;dn. in "Proceédings
of the International Workshop on Light Scattering by Irregularly

Shaped Particles", ed. D. Schuerman, Plenum Pub. Corp. N.Y., 1980.




Table |

Values of ,‘)n (50); 50 = 2,404 radians

{;(8) ~ 0.0 5 (8,) = 0.016
J, (60) = 0.520 J6 (60) = 0.0038
J27 (60) = 0.43) J7 (60) = 0.00059

J3 (60) = 0.198 JB (60)- = 0.00009
Ja (50) = 0.0§4 J9 (80) = 0.00001

"‘,w




FIGURE CAPTIONS

Fig. 1. ,Schem&tic of the instrument. The angle ¢ is the scattering
angle. The orientations of the transmission axes and fast}
axes of the polarizers and retarders, respectively, are
given by y; “

Fig. 2. The linear combinations of primary frequencies at which each
| matrix element appears in first order in the output intensity
is shown. .The numerical value.of the frequency at which we
. observe each matrix elemgnt is also given.

Fig. 3. Schematic of the e]ectroﬁiés;

Fig. A4. Flow chart for generation of the various reference fre§uen-
cies. Analo§ rultipliers are used .to produce the sum and
difference frequenciés. |

Fig. 5;' Citcuit for generating a reference frequency. Standard
operational amplifiers and analog multipliers are used.
Capacitor, resistor, @nd inductor values depend on the
particular feferénce frequency. A ‘.

Fig. . 6. Circuit for phase sensitive detector (PSD). Standard

| _operational amplifiérs and analog muitipliers<§re used.
rFig.'.7.' First order terms which arise due to misalignment of the

optical system. They are presented in the positions cor-

1esponding to the reﬁérence frequencies at which they appear.

(utaban SRR S b A e < )
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Fig. 8.
Fig. 9.

Fig. 10.

" Fig. 11.

Measured matrix of a linear polarizer. The abscissa is the
angle between the transmission axis and the reference plane{.
Measured matrix uf a linear retarder at 442 nm. This was
nbmina11y a quarter wave retarder at 633 nm.

Measured matrix of an aqueous suspension.of 91.0 nm. dia-
meter po]ystyréne spheres. The wavelength is 633 nm. This
is a very Rayleigh-1ike system and the data are nearly indié-
tinguishablevfrom Mie calculations.

Measured matrix for a single polystyrene sphere suspended

in air in an inhomogeneous electric field. The dotted curves

are Mie calculations using a diameter of 1.110 micron and

an index of refraction of 1.6144,
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observe each matrix element 1s also given;- '

{fi2 fiz fia
; 2w, wt wy wit 2w,
D.C. 820 407 41.6
far |fe2 fo3 foa
- 2wy, 2w|:i:2w4 wli:wz:l:Zw; q12u1212w4‘ '
ZO.Q 62.0 60.7 2l.6
f3 f3n f33 faq
413: w, Zw‘t.ws:t w, wliwaxuasiw4 w T2t tw,
9.0 910 | 497 | 326
e faz fa3 faq
2ustw, |2wilwitw, | optwstustw,lwgluwt2utwl
120 70.0 - 28.7 53.6
'Fig. 2. fhe linear combinéﬁidns of primary freﬁuencies Qt whfch each

'matfix element appears in first order fn the output intensity -

‘{s shown} fTheAnumérical value of the frggueﬁcy at which we
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- Fig. 4. Flow chart for generation of the various reference frequen-

cles. Analog multipliers are used to produce the sum and
difference frequencies.
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iy fiz = |
f:zJo( ) fz sin(2y,) | fiosin(2y,) |+fi3sin(3,,)
*fo! JO Sd ' +f22 JO' (804) +f‘4 sin (Sc 2)' ff24 JO(804)
. Ttfado(Bod |
fo) |f22 faz  lfoq
fdo(Bo) | basin(2ys) | fsin(@y,) | sin())
+fy sn(Rys) |#apsin(@y3) [HagsinBp)  fhsin(2ys)
| s - R33sin(2y3) |
t f3o fa3 - |fzq
faisin(2y3a)  |fasin(2y3) | fesin(2y3) | fasin(2y3)
"f32Jo( 80‘ ) +f33sin( 2)’2 ) +f-\::‘zsil’T ( 2)’2) , *f335in 8{:2)
tfar sin(Sea) rlaasin(Scs) Haasin(Bea)  Hagsin(Sca)
o | *f43$iﬂ(8c3) :
fai fap faz |fas
fa18in(8ca) | fapsin(Bes) | faasin (8es) | faasin(3ed)
L"’f42\)o(80' ) +f43$ln (2}’2) ' ff42$in (2)’2 ) + 43Sin (SCQ
. +f4‘4 sin(8.,) f
oy ftz sin (§,) + fia Jo (Bce)
.wzt fl4 Ccos (Zn)
 wyify, cos (2y) .
' 0)4 fz‘ Sinf(8c4)+ fql 'Jo (803) .
First.order ters which arise‘due to nisalignment cf‘the

Fig. 7.

optical systcm

Tbey are pnsented in the posltions cor-

respondlng to the reference frequencies F14 chh they appear.
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Hg. 11. Measured matrix fof a single polystyrene s_phere suspended
| in air in an 1nhoh\oge'r\‘eous e1é,ctr1c., field.’ The dotted curves
are Mie ca'lculations usiﬁg A diameter of 1.110 micron aﬁd

_an “ of refraction of ‘.6]_“. - .‘ -y




